A series of codon insertion mutants was isolated following restriction site-directed linker insertion mutagenesis of the open reading frame for the type 5 adenovirus terminal protein precursor. The conditionally lethal mutant H5sublOO bears an insertion mutation upstream of the first AUG in the reading frame, fails to replicate its DNA under nonpermissive conditions, and was assigned to the terminal protein complementation group. These data establish that terminal protein is an essential polypeptide required for DNA replication in vivo and indicate that the NH2-terminal region of the precursor is encoded in an upstream mRNA leader. The extended eclipse period ofthe viral replication cycle in H5in179-infected DNA-TP complexes were purified from virions of A6 as described (18) *To whom reprint requests should be addressed.
coinfections with wild-type virus shows that the in179 mutation has cis and trans effects. The trans-dominant, negative-complementing in179 terminal protein precursor inhibits wild-type DNA replication in a dose-dependent manner. Replication of parental in179 templates is not stimulated by an excess of coinfecting wild-type virus, indicating that the mutant terminal protein covalently bound to the in179 template in some way interferes with the replication of that template. The implications of these results for the structure and function of the terminal protein are discussed.
The adenovirus linear duplex DNA genome is covalently linked at each end to a 55-kDa protein (1) , referred to as the terminal protein (TP). An 80-kDa precursor of TP (pTP) is covalently bound to replicating DNA (2, 3) and is cleaved to the 55-kDa COOH-terminal fragment (hereafter referred to as the COOH-terminal domain of pTP) during virion maturation (2) (3) (4) . A serine residue within the COOH-terminal domain is the site of covalent linkage of TP and pTP to the 5' dCMP residue of each DNA strand (5) . The (5) (6) (7) . The pTP ORF sequences are expressed early after infection in mRNA of the E2b transcription unit, which produces several species of mRNAs containing upstream leaders that are spliced to the main RNA bodies (3) . It has been suggested that the mRNA leader at coordinate 39 may encode the NH2 terminus of pTP based on the observation that pTP ORF sequences upstream of the first AUG are highly conserved among different adenovirus serotypes (5, 32) .
Evidence from the study of viral DNA replication reconstituted in vitro with highly purified viral and host cell factors (reviewed in ref. 8) supports the model that a pTP-dCMP covalent complex serves as primer for DNA replication (1) . pTP and the adenovirus 140-kDa DNA polymerase copurify in a tightly bound complex, and both proteins are absolutely required for pTP-dCMP joining (9) (10) (11) . Heterologous singlestranded templates can direct the joining reaction with residual efficiency (12, 13) , and the efficiency of adenovirus duplex templates with covalently bound TPs is reduced by a factor of 25 by treatment with pronase (14, 15) . The nonessential but stimulatory role of the template-bound TP in this reaction and the residual activity directed by single-stranded templates have led to the hypothesis that the template-bound TP facilitates binding of the pTP-polymerase complex to a single-stranded region of the origin (12) (13) (14) (15) .
To investigate structural aspects of the pTP polypeptide and to initiate a genetic analysis of the roles of the pTP and the template-bound TP in viral DNA replication, a series of adenovirus type 5 (AdS) recombinants with codon insertion mutations in the pTP gene was constructed. The results establish that pTP is an essential polypeptide required for DNA replication in vivo and indicate that the mRNA leader at coordinate 39 encodes some or all of the NH2-terminal region of pTP. Complementation analysis indicates that the mutant pTP of H5in179 readily binds to and inactivates at least one essential trans-acting replication factor and also indicates that templates covalently bound to the mutant terminal proteins are inefficient substrates for DNA synthesis.
MATERIALS AND METHODS
Virological Methods. Human KB and 293 cells (16) were grown in monolayer cultures in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. An Ad5/Ad2' ND1 recombinant (Io115.1) was isolated and supplied to us by Munz and Young (17) . The left third of its genome derives from AdS and the remainder derives from Ad2+ND1, as shown by restriction site polymorphism (17) . Virus A6 was constructed by Volkert and Young (18) by ligation of EcoRIdigested DNA from dl309 (19) and strain 301 (20) ; it contains Xba I restriction sites only at coordinates 3.7 and 29. DNA-TP complexes were purified from virions of A6 as described (18) and were cleaved with the restriction endonucleases Xba I and Cla I prior to use in transfection assays. 293 cells were transfected using the procedure developed by Graham and van der Eb (21) .
Mutagenesis. Supercoiled pPF97 DNA (Fig. 1, line Table 1 ), resulting in the deletion of sequences between the adjacent insertion mutations and a net loss of 24 nucleotides. To construct the single codon insertion of H5sublO0, pPF97 DNA was linearized by partial digestion with Bgl I, the cohesive ends were degraded using the 3' to 5' exonucleolytic activity of the Klenow fragment of DNA polymerase I in the presence of all four dNTPs, and the blunt-ended molecules were ligated to a Sma I (CCCGGG) linker, resulting in a net gain of 3 nucleotides.
Nomenclature. Nucleotide positions of insertions listed in Table 1 correspond to the position of the 5' nucleotide of the linker in the AdS DNA sequence as compiled by Sussenbach URF7 (a) (23) . Each Ad5 genome coordinate (map unit) is equivalent to 365 nucleotides.
RESULTS

Construction of Terminal Protein
Mutants. An AdS DNA fragment containing the ORF for pTP was subjected to linker-insertion mutagenesis ( Fig. 1 , line b) and transferred to pPF337, which contains a cloned fragment of viral DNA extending from coordinates 0 to 42 with restriction site markers in early region 1 (El) distinguishing it from wild-type (wt) viral DNA. The mutagenized pPF337 derivatives and Cla I/Xba I-digested DNA-TP complexes from viral strain A6 were transfected into 293 cells (Fig. 1, lines c and d) . Several plaques from each dish were picked and analyzed for the presence of pTP mutations and the plasmid-linked markers in El. The El markers were recovered in every plaque tested, indicating that recombination between plasmid DNA and an A6 DNA fragment was necessary to generate plaques in this system. In those transfected cultures in which viable mutants were recovered, the novel restriction sites in the pTP gene were present in 50% or more of the plaques that were analyzed. Conversely, in about 50% of transfected cultures, pTP mutations were not present in any of the plaques tested, strongly suggesting that these mutations had lethal consequences for viral replication. Transfections of DNA bearing apparent lethal mutations gave rise to significantly fewer plaques than wt DNA, suggesting that additional events-for example, marker rescue by the A6 Xba I B fragment (coordinates 3.7-29) that was also present in the cotransfection mixture (Fig. 1 , line d)-were required to generate these plaques. The results of the mutagenesis experiments are summarized in Fig. 1 and Table 1 .
Distribution of Viable Mutants. The pTP ORF overlaps with four other sequence elements of potential importance, three unassigned reading frames (6, 7) , and the third segment of the tripartite leader found on most late viral mRNAs (25) (26) (27) Fig. 1 ). Viral DNA was extracted at the indicated times, digested with restriction enzymes that differentially cleave the mutant and wt DNAs, and analyzed by Southern blotting (Fig. 2) . Both mutants were complemented by inl70 (lanes 1 and 7) , but in coinfections of sublO0 and in186 (lane 4) neither template replicated significantly above the single infection levels (lanes 2, 3, 5, and 6). This test assigns sublOO to the pTP complementation group, and establishes that pTP is an essential viral polypeptide required for DNA replication in vivo. The position of the sublO0 mutation indicates that ORF sequences upstream of the AUG are translated; therefore, the NH2-terminal region of pTP must be encoded in an upstream Complementation analysis of sublOO and in186. Dishes of 293 cell monolayers were infected singly or with combinations of sublOO, in186, and inl70 (wt) at multiplicity of infection (moi) = 10 and incubated at 39.5°C. Viral DNA was harvested at 1 hr (lanes 2 and 5) or 16 hr (all other lanes) after infection as described (29) , and equal volumes of the Hirt supernatant DNA were cleaved with Sma I (lanes 1-3) or Cla I (lanes 4-7) . Restriction fragments were separated by electrophoresis in a 0.6% agarose gel, transferred to a nitrocellulose filter, hybridized to nick-translated AdS Sal I D fragment (coordinates [26] [27] , and autoradiographed. Lane 1, inl70/sublOO; lanes 2 and 3, sublOO; lane 4, sublOO/in186; lanes 5 and 6, in186; lane 7, inl70/in186. Proc. Natl. Acad. Sci. USA 83 (1986) mRNA exon, as suggested (5) . Although the effect of the sublOO mutation on URF4 cannot be determined from this complementation test, earlier analysis showed that the deletion mutation of H5dl309 (19) , which alters the URF4 reading frame after the first 52 codons (30) , has no detectable effect on viral replication.
The remainder of the viable mutations map in regions ofthe pTP ORF that do not overlap with other sequence elements. Two of the five mutants in these regions are defective, inl86 (see Fig. 2 ) and H5inl79. Characteristics of in179 replication are described below.
Reconstruction of HWin179. To exclude the possibility that amino acid substitutions in the COOH-terminal domain of pTP arising from spontaneous mutations might contribute to the in179 phenotype, a pPF233 (Table 1) DNA fragment extending from coordinates 0 to 27 (EcoRI-Sal I, Fig. 1 , lines b and c) was excised and replaced with the corresponding wt DNA fragment. The resulting plasmid (pPF425) no longer contained the restriction site markers in El. The phenotypes of the reconstructed mutant (derived from pPF425) and the original mutant (derived from pPF233) were indistinguishable in 293 cells and similar to the phenotype of H5inl91 (data not shown), a 2-codon insertion mutant constructed at the same Hae III restriction site ( Table 1 ). The reconstructed mutant was used in the following studies. Viral Replication. Replication cycles of in179 and strain A6 (phenotypically wt control for inl79) were compared in KB cells. An extended eclipse period and a reduced final yield of infectious in179 particles relative to A6 were observed at all temperatures tested (Fig. 3, only 320C data are shown).
Further characterization of in179 was conducted at 320C since the duration ofthe lag was longer in absolute time at this temperature.
DNA Replication. The synthesis of in179 DNA during infection at 32°C was monitored qualitatively by Southern blot analysis (Fig. 4) . The onset of A6 DNA replication occurred about 12 hr after infection (compare lanes 1 and 6), and by 15 hr the copy number had increased significantly (lane 10). In contrast, the in179 genome had replicated only slightly at 15 hr (compare lanes 2 and 7) but had replicated extensively by 20 hr [lane 11; less Hirt extract (by a factor of 50) was loaded than in lanes 2 and 7]. Therefore the lag in viral production ( Fig. 3) appears to be linked to late onset of in179 DNA replication.
Complementation Analysis. The in179 DNA replication phenotype was examined in coinfections with A6 (Fig. 4) Structure of the in179 Virion TP. The cis-dominant phenotype of in179 was evident from the onset of A6 DNA replication, suggesting that the in179 viral particles initiating these infections contained defective DNA templates resulting from the in179 mutation. Since the site of this mutation is within the NH2-terminal domain of pTP, failure to process pTP to the 55-kDa TP species during maturation of virions would allow the intact mutated domain to exert the observed cis-dominant effect on parental templates. To determine if in179 virions contained a processed 55-kDa TP, DNA-protein complexes were extracted from purified virions of in179, A6, and H2tsl, an Ad2 mutant that fails to cleave pTP and several other capsid precursors under nonpermissive conditions (2-4). Purified DNA-protein complexes were iodinated by the chloramine-T procedure, and the covalently associated proteins were removed from the DNA by treatment with DNase I or piperidine and analyzed by polyacrylamide gel electrophoresis (Fig. 5 ). This analysis indicates that apparently normal cleavage of the in179 pTP occurred, as demonstrated by the comigrating polypeptides released from A6 and in179 DNA.
DISCUSSION
The reconstitution of adenovirus DNA replication with highly purified pTP and other viral and cellular components has led to the conclusions that pTP (perhaps in a complex with the 140-kDa DNA polymerase) is absolutely required for cleavage has occurred, the mutated NH2- A6 , and H2tsl grown at 39.50C were purified as described (2) and labeled in vitro with 1251I using a chloramine-T procedure (3). Aliquots of labeled material were treated with piperidine (lanes 1 and 4) or DNase I (lanes 2, 3, and 5) and were electrophoresed in a 10% polyacrylamide gel containing NaDodSO4. Shown are the proteins derived from in179 (lanes 1 and 2), A6 (lanes 3 and 4), and tsl (lane 5) DNA-TP complexes. The gel was dried and autoradiographed. The molecular mass estimated from standards is shown in kDa.
the initiation of DNA synthesis in vitro (14, 15) and that the template-bound TP is nonessential but in some way enhances the efficiency of the template (12, 13) . These conclusions are largely supported by the characterization of the pTP mutants described in this report. The conditionally lethal mutant, sublOO, failed to replicate its DNA at 39.50C and was assigned to the pTP complementation group, establishing that pTP is absolutely required for DNA replication in vivo. This result also established that some or all of the NH2-terminal region of pTP is encoded in the mRNA leader at coordinate 39, since the sublOO insertion maps 5' ofthe first AUG in the pTP ORF. In contrast to the recessive mutations of sublOO and in186, the in179 mutation appeared to have dominant effects on DNA replication. The trans-dominant, negative-complementing phenotype of in179 suggests that the mutant pTP readily associates with and inactivates an essential replication factor. A likely candidate for this association would be the adenovirus 140-kDa DNA polymerase that copurifies with pTP in a tightly bound complex (9) . The resulting inactivity might arise from defective origin binding of the pTP-polymerase complex or the inability to efficiently form pTPdCMP complexes. The possibility that pTP has an originbinding activity has been reported (31) .
The cis-dominant phenotype of in179 indicated that its templates covalently bound to the mutant TP could not support DNA replication efficiently. This may be analogous to the decreased efficiency of templates that are devoid of TP in supporting the initiation reaction in vitro (14, 15) . The fact that in179 templates eventually replicate after a considerable lag period might result from an accumulation of replication factors to a concentration sufficiently high to drive the initiation reaction.
The inability of an excess of coinfecting wt virus to complement the cis-dominant phenotype of in179 suggests that-the in179 parental templates initiating these infections were covalently bound to defective terminal proteins. Therefore, it was surprising to find that in179 virion DNA was bound to a 55-kDa TP species, which implied that the mutated domain had been removed by apparently normal processing. The simplest explanation of this result is that although
